
AD—A071 019 TECI*IOLOSY SCRVICE CORP SANTA MONICA CAI.IF F~ G 12/1
CO,tU1’ER IMUC SEICRATION TEXTISE STIEY. CU)
*Us 79 1 STENSER. I DI$ISAN. R RE YNOLDS F33615—77—C—0063

UNCLA SSIFIED AFHRL—TR—79 . 2 it

L!UUWU U!I!I
~~~a~Di~ fliUU __ s is_ c~ i

E~IJHI1I~H 11
U~~~~flJLFDDE~



AFHRL-TR-79-2 
~ 

~~~~~ 

~
“

AIR FORCE !~ COMPUT ER IMAG E GENERATION TEXTUR E STUDY

By

U Tony St ngsr
WilIsain Dun~~Rithard Rsynolds

Tsthnelo~y Sur~c. Cospo.vtlon
2111 W Wur. BouI.v d

S.tt. Mo,l~~. C~~do,n 90403

N ADVANCED SYSTEMS DIVISION
Wri~ it~P.ttsr,on Air Forcs B... , Ohio 45433

R Au~ jst 1979 .P~~, . 
~~~~~~~~~~~~

.

E n~
-
~~

1 ~. ~r.

S !i~
~~~~0

Approved for public release ; distnbution unlimited.

C 
_ _ _ _ _ _ _ _E

S LABORAT ORY

A IR FORCE SYSTEMS COMMA ND
BROOKS AIR FORCE BASE T EXAS 78235

_ _ _ _ _ _ _ _  ~~~~~~~~~~ 18 14~-~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



p..

‘p

When t S ( ,ve,,unenl ~ti .~~~. tn~’ ’. s e t t ~ at n~ii~ • (If Ii bet i lj t  j  ate used

lot an put pose ~‘i h~ thin i ki ui i teh related •~vetnmetU
pi  1 .~ U t  C I t IC Ut U~~C I at I II I he (hive,ntnent th~tehy ulcuis rs

s not •t n S obbgai , n i  whatioever . ~nd t he Ij il I lul the
; vernincsti may have lotmutated . tu,mstwd , or in any wa s supplied

the sj id drawsn~~. spet iti ~ at ions • i ot bet dai~ is in i t o  he ,cpr ded ti~
iinphc*ttofl ot ~iherw isc . .Is in art y maimet h~ensang the tioldet ot any
ut het ~~ t ‘~~n ot ctsrpurallon. ot ci nses ing ans ughts i t  petrtusss t f t

, anu(actute. use. or sell any patenI~d mventn i, thai ,n.n in .ms way
he t~lj t td t he reto .

This ttn.il teport was submitted i s  Tec i ili~?s Servti .e (‘ol siatlol,
2~ t I Wtbhue Ikwkvard . Sant i Mi nks , (‘aldotnia ‘A)44U, amile,
.ofttrac t F 4 1(1 I ~ 7 ~4’.4~~i3• project 6114 , with Advanced s\
l) ,v l s ton . Air F t  ce h uman Resoutces I ~ibi~,atois t A I S( ),
Wright.Patter,.ni A,’ Ii’ac base . Ohio 4S4 C~pi Mkhael I Ingalli
I ASM~ was t he ( nirac t Monitor ~nt t he Laboraiuty.

This report has been rev iewed by the Inior,nat ,on Ottice ((Ill and is
releasable to the National Technical lntor,natton Service (N I IS). At
NTIS. it will be av~ilahle to the general public, i,iduding loreign
natiOns.

This technical report has been reviewed and is approved (or publication.

(;oRtx)N A. F(.’KSTRAND, Technic al Director
Advanced Systems Division

RONAL I)W.T ERRY .Colo nel . IJSAF
Commander

I
i’;



Unclassified
S E C U R I T Y  S I V * CA ON OF IsIS PA~~.t  Nb.. i’ .. j,,~~.,. J

(. 1 REPORT DOCUMENTATION PAGE iI~~~~~~I.y ~ 

I l k

MIlK Ri) J .
~ 

- 

UOv t  A I..rss ,0N N:

TIT LE (and Sub•iIl ) ~~ ~~~~b1 Yl W DP I E W E  O’ .EBEO

~ ,
,~~~~MPtJ TFR i \ t M ; l t l N l R VIi~~N I t  \ i t  i~t u t J

,“ t. -*ULt -., n ~ P. ! H A  I ~ R . H A h! •%~~ MNI  H •~ —
(j  •~~ Ton)JSten~er ,~~~]
~
.. .  ‘

~ 
WtflIarn~~ungan 

~ 
1 336t S.77400 o ~J

(j~~hardJReynolds J 
____________ __________ _________________

S PERFORM ING ORGAN 2 A T IO N Pt A MI AND AD OPt  S .  
- 

0 Pt .  EMENS PROJ P ~ ASK
£51  A A A~~ UK UNIY  suMet 115

Technology Service ( ipolat lun
2~ I I Witsh,te ~~)Ukvard
Santa Monica , Uat,kr,,i., t)O4t~3 o t t  4~ 107

I I  CONT ROLLING O F F I C E  NAME AND ADDRESS 7”
~
” !i

1K) Air Force Human Reso urce s Laboratory (AFSC) ( J . Au 79 I
Brooks Air Force Base . Texas 7?l .~35 \~~.,,,, , ( .~~~ isr ~~ “ $* ce s  -fII MONITORI NG AG E NCY NAME S AOO NESS ( I I  djIl.,anI V.... C .ni, IS1n5 OIVft .) 5 SF 1 URhl’ S CL ASS (o •$.

Advanced Systems [~vision
Air Force Human Resources Laboratory Unclassified
Wr ight.Patterso n Air 1 (11cC Base. OhIo 45433

SCHEDULE
___________________________________________________________ F

IS. o Is TR, eu TIo N S T A T E M E N T  (01 hI, R.p..,I)

Approved for public releasc~ d Itihutis ti unlimited. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

17. DIS TRI B U T I O N  S T A T E M E N T  of ffi~ •b. ract .nt....d I., AIoik 20, ii diii.,.. ? .tr.o—R. t4)

j {~ i L / ~~ cL” i~~
)

IS. S UPPLEMENTARY NOT ES

IS. KEY WO RDS (ContIn., • on o .,. . •ld, I? n.,.. ~~.r an,j IdAntU 5 hlo.- h ,, ,Inh.,I

computer image gene ratio n
tilo t ion and distance cues
texture shading
textured visual images

20 A S CT (Contt no. on ,.p..,.. old. if n.c.a.a,) and ld.IlIVf r b~ bIo~ k num b.,)

is developmental project resulted from ti re ireed to enhance visual flight simulators (based on cotnpuler
image generation ((‘IC.) techniques) with textured surfaces. l~iots viewing homogeneous surFaces experience an
inadequate perception of motion above these surfaces as well as an anIhI IIIlV in the orientation of the surface.
Therefore, it was felt that by rising textured surfaces within the scene . b . t I  tpt h and motion cues woold he made
available. This report describes the approaches and techniques used to dc~ t I Ip  t exture material and introduce it into
a complex CIG scene.

The approach is to create texture tile arrays of trees and grass from digitized photographs of natura l Irsture .
These arrays arc then replicated over the surface in the fashion of tiles. Preprocessing techniques are described which

DD 
~~~~~~ 

1473 EDITION O~ I NOV 55 15 OSS OLtT ~ Unclassified ‘
~ap

SECURITY CL A5SI FICAT ION OF THIS PAGE (man n.. .o..e,, •.J

I-/’ L/ ~/• . _.~~~-~~~~ __.-__ , -  0.’ “.O~ - . -. . ..•



t I IC IS%SI l  I C I

SE C U R I T Y  C L A S S I F I C A I I O N  OF I s I S  PAUI~ Wh... P.i . £n,.i d)

20 (Continued)

ch,n ,i i j te the periodic effec t due to the t il e boundary and inaclopa nerns w it hin the ti le utsc tt levcl-ot ikt git teS t ule
tile JIIJS s sse created that itis ich the resuhdion of the te xtu re t o the appwpnai e ,~ t S I I C I S. It. ~~ j5 $fl~ gr oin I~ 

‘

The kveloi.detail at rays and othe t desc riptive paramete rs sic i t i t . i ~ it ~~l 111111 the exist ing ( It , s~ l t  ~ a t  to
produce te xtured images Scenes depict ing a tand ing sequence , a IJIICII IIIIII . and a Iow .altitudc flight were then
generated. These images show the cfFc~i of the varying lcvcl~ of detail, fields ni view , viewing geumelrws . and scene
co ntent s on the textured sc ene. The texture tile techniq ue and subs equent h u g e  geneis t ion sh ow the Ieushti ity of
deriv ing distance and motion c ues Fti in the additional inform ation co ntained in the textu red ini~~es .

H

C
1

~~~~~~~~~~~ .~~~~~~~~~~~~~~~ .•.-. _



~

TABLE OF CONTENTS

Page

INTRODUCTION 5

Overv iew 5

DATA COLLECTION 8

Overv iew 8

Trees 8
Grass 8

SCENE DATA BASE 1 1

Description of the Scene 11

Data Base Construction 11

SOFTWARE STRUCT URE AND ALGORITH MS 16

Modification of Existing Software to Include Texturing  16

Texture Tile Prefiltering Techniques 16 0%

Constructing the Texture Tile Data Array 19
The Texturing Al gorithm 21

Image Postprocess ing 29

TEXT URE SCENES 37

Overv iew of the Data Base 37
Approach to Landi ng Sequence 37
45° Divebomb 45

Terra i n Avo idance 50

Special Views 66

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 79

iT~
ucJTJLi7~ .

1 
‘

~~~~ / ?J
I 

I 
________ 

1~



L IST OF I IGIJRES

Page

1. Untextured Image With Constant Shading 6

2. Image With THe Patterns 6
3. Image With Textured Shading 6
4. Primitive Tile for Trees 10
5. Primitive Tile for Grass 10
6. Three Stages of Data Base Development 12

7. Data Base Construction 14 :
8. Geographical Map of the Scene 15
9. Block Diagram of Routines 17
10. Averag in g Process Texture Tiles 20
11. Footprint Algorithm 23

L 12. Sampling Algorithm 27

13. Pyramid Weighting Filter 31 914. Constructing an Impulse Response 32
15. Image Filter 33
16. Aliasing of Line Pai rs 35
17. Line Pairs Filtered 36
18. Photograph Viewpoints 38
19. Scene Overview 39
20. Approach to Landing--Untextured 40
21. Approach to Landing--Textured 41
22. Approach to Landing--Textured 42
23. Approach to Landing--Textured 43
24. Approach to Landing--Textured 44
25. 45° Divebomb--Textured 46
26. 450 Divebomb--Textured 47

27. 450 Divebomb--Textured 48
28. 45° Divebomb--Textured 49
29. Terrain Avoidance--Textured , WFOV 51
30. Terrain Avoidance--Textured . WFOV 52

2

‘¼

.~~~~

—~~~— — ---
~~~
----

~ ~~~~‘ ~~~~~~~~

— -
~
--—--



I

LIST OF FIGURES (Con tinued )

Page

31. Terrain Avoidance--Textured , WFOV 53
32a. Terrain Avoidance--Textured , WFOV 54

32b. Terrain Avoidance- -Untextured , WFOV 55
33. Terrain Avoidance--Textured , WFOV 56
34. Terrain Avoidance--Textured , WFOV 57
35. Terrain Avoidance--Textured , NFOV 58
36. Terrain Avoidance--Textured , NFOV 59 ‘a

37. Terrain Avoidance--Textured , NFOV 60
38a. Terrain Avoidance--Textured , NFOV 61
38b. Terrain Avoidance--Untextured , NFOV 62
39. Terrain Avoidance--Textured , NFOV 63
40. Terrain Avoidance--Textured , NFOV 64

41a. Hilltop Surfaces--Textured 67
41b . Hilltop Surfaces--Untextured 68

3

_____________ _ _ _ _  -.-— __

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘
~~~~~~~~~~~~

‘° ‘
~~~~~~

“ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~‘



I I’ITRO DUCT ION

The objective of this project is to demonstrate and evaluate a
texture tile algorithm ’s usefulness for generating textured represen-
tations of areas of grass and trees. Texture tiles , which consist of
digitized arrays of texture data , are placed at periodic intervals over
designated areas. If these areas are i rregular , the texture tiles are
made to conform to their boundary i rregularities . Filtering , over-
sampl ing , and postfiltering are then used to diminish the problem s of
tile boundaries , geometric scene perspective , and aliasing .

To generate interesting and relevant textured imagery , sequences
of photographs were used to depict an approach to an airfield , a dive-
bomb at a 45° ang le , and a terrain-avoidance fl ight. These photographs
are inc luded in this report along with others that illustrate the var- . i
ious technical aspects of employing texture tiles .

Texture tiles are shown to provide a viable means of realisticall y
texturing areas of scenes and to afford additional information for de-
riving distance and motion cues. Postfi l tering mitigates the critical
probl ems of tile boundaries and aliasing . P~1

Overv i ew

There are three shading application methods involved in this pro-
ject. The simplest method is constant shading , in which a constant
shade is painted across a surface. The next simplest is smooth shading ,
in which a linearly varying shading value is appl i ed across a surface.
This involves a constant gradient across the surface. The third is
texture tile shading , in which an array of tiles is fixed onto a surface
in perspective and used to modulate the basic constant or smooth shade
at each point.

Both constant and smooth shading methods are familiar and often
used in the computer image generation (CIG) comunity. At Technology
Service Corporation (TSC), a sensor image model is used to calculate
the tone of the surface (constant shading case) or of each surface ver-
tex ( smooth shading case).

Texture tile shading is a natural extension of these shading tech-
niques. A single square tile can be fixed at periodic intervals to the
surface. The value at any point of the texture tile can be used to mod-

F ulate the basic constant or smooth shading tone at that point.

Figures 1, 2, and 3 are presented as an introduction to the texture
tile technique. The image in Figure 1 is typical of current CIG systems
with constant surface shading . The same scene is shown in Figure 2 to

--•--- -—-~~~~~ J-
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I’~~ure I. Untextured image with constant shading.

Figure 2. Image with tile patterns.

~~~~~

H

Figure 3. Image with textured shading.
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depict the texture tile concept.* Here a synthetic tile h~s been
generated and repl i cated in perspective over the scene in the fashion
of tiles. Finally , Figure 3 shows the addition of realistic tiles to
the grass and forested areas of the scene.

This report comprises sections on data collection , scene data base
construction, software structure and algorithms , tex tured scenes , and
conclusions and reconinendations for further research.

The section on data collection relates the problem of acquiring
aerial photographs to the properties of textured materia l. The intrin-
sic spatial frequencies of the textured material determine the altitude
for obtaining the photographs . The photographic data are then digi-
tized into an array , and a subset of the array Is manually selected as
the primitive texture tile. This array is then preflitered to remove
undes i rabl e spat ial frequenc ies. Other arrays, representing various
l evels of detail (LODs), are constructed In a cascading manner by
averaging one array into successively smaller arrays which are used at
different ranges.

The section on scene data base construction enumerates and explains
the steps needed to construct a three—dimensional geometric data base.
In particular , this section describes the component objects of the data
base.

The section on software structure and algorithms describes 1) the
existing TSC CZG system and the modification necessary to permit tex-
turing , 2) the texturing algorithm , 3) the construction of the texture
tile data array, 4) the texture tile prefil tering techniques , 5) the
footprint equation , 6) the program initialization , and 7) the post-
filtering of a textured scene. The prefiltering and postfiltering tech-
niques are derived as a method to control aliasing.

The section on textured scenes describes the various effects of
texture by presenting the textured material in logical sequences that,
In general , have particular objectives. These photographic sequences
are approach to landing , divebomb at 45°, terra in avoidance , and special
views.

The section on conclusions and reconinendatlons for further research H
specifies the results of this effort and identifies important texturing
problems .

*Bl inn J. F., and M. E. Newell , “Texture and Reflection in
Computer Generated Images ,° Conin. ACM, Vol. 19, No. 10, October 1976.
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DATA COLLECTI ON

Overview

The purpose of the data collection activities was to provide the
appropriate photographs of trees and grass for digitization and sub-
sequent tile selection .

The Initial attempts to obtain appropriate imagery proved to be
inadequate. The original source of possible imagery for constructing
the texture tiles was high -altitude aerial photography obtained from
the Rome Air Development Center of the test range near Stockbridge , New
York. The photographs of the Stockbridge test range , however , were not
taken wi th the specific objective of obtainin g textured material. Thus ,
although the photographs were suitabl e for the aerial reconnaissance
purposes for which they were taken , they proved insufficient with res-
pect to the homogeneity and resolution of the textured areas.

To obtain suitable material , new imagery at various altitudes was
photographed by TSC . The representative imagery included grass , trees
and clover. Due to difficulties (see section on grass , below), the new
imagery was adequate for trees, but not for grass. The latter was
finally obtained from model -railroad grass. i.e., synthetic grass.

Trees M
TSC undertook its own photography of texture , first from a low-

flying aircraft and then from a helicopter. Photographs of trees (see
Figure 4) were taken by TSC at Chino , California , at an approximate alti-
tude of 200 feet. At this altitude , the patch of trees is homogeneous
in nature and is approximately the size requ i red for the mid -altitude
flights of this study. These trees were digitized into a 3000 by 3000
array of 512 gray levels. From this array , primitive texture tiles of
256 by 256 were subjectively selected by an operator. The criterion for
sel ecting a tile was that it not produce a visible boundary when repl i-
cated throughout the scene. To see the effect of replication over a
su rface , selection software was generated that produced a 51~ by 512 ren-dition of the selected tile. The 2 by 2 repetition of the tile matched
both its upper and l ower edges and its l eft and right edges. Thus , any
boundary mismatch would be evident, as would any pattern repeated wi thin
the tile. Using this procedure , a tile was selected to be the primitive
tile for the study if It produced a single, homogeneous textured area
rather than a repetitive pattern of the tile itself.

Grass

As mentioned above, extreme difficulties were encountered in trying
to secure photographs of grass. Several interesting phenomena were
noticed . Golf courses had macropatterns tha t reflected the grass-cutting

8
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pattern or were the result of different growth patterns (from lush green
areas to patches of sun-dried brown grass). Also , there were special
marks caused by golfers not replacing their divots. The macropatterns
and “imperfections ” were also present in photographs taken of parks and
pastures . In short, these aerial photographs proved to be inadequate.

In addition , an attempt to utilize ordinary backyard grass also
proved to be i nfeasi tie. The reason that grass , both backyard and open
area, was deemed unacceptable was that criteria for acceptability was
completely subjective ; i.e., observers had differing mental models of
what grass should look like.

The grass tile was finally created from photographs of model-
railroad grass. This was an acceptable solution since the model-grass
tile exhibited a completely homogeneous microstructure wi thout macro- ¼,

• patterns. The primitive grass tile used in the subsequent textured
scenes is shown in Figure 5.

L
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SCENE DATA BASE

Description of the Scene

To evaluate the effects of adding texture to an image , the textured
areas must be embedded in a scene. The scene selected for this purpose
is based on Area C of Wright-Patterson Air Force Base (WPAFB). Ini-
tially, only a rela ti vel y narrow s trip surroun di ng the ma in runwa y of
the base was considered for the model. Markings on the main runway were
hand-encoded from availabl e blueprints . Al together, there were 160
markings. Several taxiways and most of the service roads adjacent to
the strip were also digitized from the blueprints and were included in
the model . Finally, four water reservo i rs and part of the Mad River
were digitized to complete the initial data base comprising 200 surfaces.
The initial data base is shown in Figure 6.

To obtain a more varied terrain , simple hills (each wi th 20 sur-
faces) were added, one to each side of the original strip. This modi-
fled data base is shown in Figure 6. Adding hills to the scene left
large areas w ithou t any features , thereby forcing us to construct a
thi rd vers ion of the data base. The minor access roa ds were remove d,
and the major roa ds , freeways , and waterways were modeled .

As a next step, several artificial features were modeled . Seven
tree-covered areas were added to the scene to fill the open areas be-
tween roads. These tree-covered areas not only fill out the scene, but,
of course , are the vehicle for including tree texture in the scene. The
entire remaining ground plane is textured wi th grass.

As a final step, six buildings wi th wi ndows and doors were placed
alongside the runway approach. A plan view of all the features is shown
in Figure 6. In the total data base, there are 743 surfaces w ith 4725
edges and 4125 vertices.

Data Base Cons truc tion

Th is sec tion descr ibes the process for cons truc ting the scene model
and its supporting data base.

The scene da ta base was der ived w ith the aid of an aer ial photo graph
of the area around and including WPAFB , the corresponding U.S. Geodetic• Service (USGS ) topographic map, and supporting engineering diagrams of
certain areas and features of the base itself. It is not possible to
generate a model on a digital computer that contains all the details
contained in these source materials.

It is therefore necessar y, in the first step of the data base con-
struc tion , to examine the scene and select the features to be included
in the model . Each of the selected features is then examined and Its
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~~~~~~~~~~~~ a. In itial Data Base

b. Data Base with Terrain

_ _ _

I
c. Complete Data Base

Figure 6. Three stages of data base development.

12

~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~ _



_______________________________________________________________________

model is constructed . In general , this model comprises a polygonal
surface (or a set of polygonal surfaces) together with coordinates of
the polygon ’s vertices and a “tonal descriptdr.” Finally, each of
the individual surfaces Is entered into a “source tabl e” which is then
processed by the display algorithm into an image on a cathode-ray tube
(CR1).

The followi ng discussion on data base construction is diagranined
in Figure 7. At present, the source table is constructed in three
se para te stages. Fi rst , available information must be encoded in a
digital form. This is usually done with the help of a digitizer board.
When the maps or blueprints fit the board , necessar y coor di nates can be
directly sensed by the digitizer pen and transferred into a card file
via analog—to-digital (AID) converter. Otherwise , the printed informa-
tion can be either redrawn in smaller scale or digitized in several
smaller parts . For the textured model , roads and waterways were digi-
tized from the supplied geographical map of the area, as shown in Fig- 

.

‘

ure 8. The runway and taxiways were digitized from the blueprint of
the airbase. Coord inates of some of the features can also be entered
manually, with higher accuracy (in terms of significant digits). These
files can then be drawn on the plotter to ensure that the individual
features have correct outl i nes (i.e., a vector-drawn image of the sur-
faces can be produced--Figure 6c). Before proceeding to the next stage,
tonal , thermal , and any other specifications must be added to each digi-.
tized feature. These are entered by means of a “parameter card” that
precedes each feature.

At this point , several files exist which may each contain features
in different scales that may not be oriented correctly with regard to

L features in the other fi les . In the secon d s tage, there fore , data in
I each of the files must be scaled and positioned wi th respect to a comon

coordinate system. This process is performed with the use of a “develop-[ ment langua ge” compiler that converts the digitized files into an ASCII
I file. The conversion permits the user to verify and modify the data
I base. The scene data can also be entered directly i nto the compiler ,
I thereby bypassing the previous steps. For example , the runwa y mar ki ngs

were constructed in this manner to obtain better accuracy . Additional
I parameters for later use by the display routines can be added at this
I po int. For exa mp le , one additional parameter in this model was the
I “distance-to—the-eye test” parameter that determines the range at which
I the runway markings become visible. Once the data base is verified ,

the construction proceeds to the last stage.

j A secon d so ftware module , the data base compiler , converts the data
I from the existing format to one directly compatible with the image

- 
generat ion routines. Fi rs t, several parame ters require d for the image

I generation (e.g., surface normals and bounding polyhedra) are calculated
I by t he comp il er. Then the com pi ler com presses the ASCII fi les into[ binary form so that the images can be more efficiently generated by the

CIG rout i nes.
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SOFTWARE STRUCTURE AND ALGOR I THMS

This section Includes a genera l description of the textur ing tech-
ni que, an in-depth walk-through of the software, and a derivation of
the basic algorithms . Figure 9 depicts the routines . There are two
off-line texture processing stages. The first stage Identifies surfaces
that are to be textured in the norma l CIG processing . The texture tile
arrays, as described above, are processe i further in the second ~taqe to
create texture tile arrays of various LODs for use In the on-line tex-
ture processing. There the pixel within a surface to be textured is
mapped into the textured scene, and the appropriate 100 array is based
on the size of the pixel projection on the scene. The two separate
stages are described below, fol lowed by a descript ion of the textur ing
technique and Implementation . Throughout this section , reference can
be made to Table 1 , which sunanarizes the procedures used to obtain tex-
tured images.

Modification of Existing Software to Inc l ude Texturing

CIGT , the program to create textured scenes from a data base, is a
modified version of an already existing CIG program . The data base is
first Initiali zed with a variable l ight source (si n) position and inten-
sity in an off-line program called TONE . TONE has been modified to
attach a flag to textured surfaces within the data base. The new
version is called TONET.

The program TONET calculates the shade of each surface within the
data base for a given light source position. If a surface is textured ,
the surface shade information differs from the normal gray leve l deter-
mined in the earlier version (TONE).

For every textured surface, the sl9n bit of the shade value Is set
as a flag, and the texture tile number (e.g., 1 • trees, 2 • grass) is
packed within the word containing the surface shade value. This infor-
mation provides a flag to Indicate that the surface is textured , along
with the average shade of the surface due to the sun position . The
information also identifies the texture tile to use to cover the sur-
face, all within an already existing framework. The texture flag, tile
number , and surface shade are contained In a 16-bit Integer .

Texture Tile Prefiltering Techniques

A tile may be averaged after it has been selected. The purpose of
averaging Is to improve the boundary matching statistics and help el imi-
nate texture macropatterns. In the process, the tile is replicated at
the boundaries so that smoothing occurs across the boundary. This
averaging Is done by convolving a unit step filter of a predetermined
size over the tile. At each texture tile array element, the local
average of the filter (a) is compared wi th the overall tile average (A),
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I a/ ’Ie I. Summary of Procedures to
Create Te~lurrd Images

TILE PREPARAT ION

1) Digitize Image

2 ) Create Working Array (256 by 256 ) by
Averaging Digitized Image

3) Prefilter Ti le to Smooth Edges and
E liminate  Macropat te rns  ::

4) Construct LOD Arrays through
Pyramid Filter

SCENE INITIAL IZATI ON

1) Identify Textured Surfaces

2) Create Files of Describing Surface!
Texture Parameters F

3) Define Coordinate Systems of Textured Surfaces

TEXTURE ALGORITHM

1) Map Pixel Footprint into Scene and
Select LOD Array

2) Compute the Intersection of the Pixel
Sample Point and Scene

3) Compute Pixel Shade

4) Postfi l ter the Entire Image
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and the array value is adjusted by the ratio a/A. The results of the
averaging process are shown in Figure 10. The first thing to note is
that the general shape of the gray level distribution is preserved so
that the tile has the same general appearance. However, the variance
has been reduced in the smoothing process. The averaging program is
called BLEND.

This filtered/smoothed tile is then used in the program LODATA to
calculate each of the LODs needed in the texturing algorithm. A pyra-
mid function is used to filter this basic tile to lower LOD arrays.
Each LOU is a power of two smaller in size than the previous LOD. The
coarsest LOD is a single value , i.e., the average value of the tile.
The construction of the LOU tile arrays is further described below in
the discussion on the footprint equation .

Constructing the Texture Tile Data Array .11
In addition to the scene data base, a data array of the LODs of

the various texture types is needed to create a textured scene . The
program LODATA constructs the texture tile data array off-line for use
with the program CIGT. Once constructed , the array need not be al tered
but may be appended with future texture tiles as provided for in the
software.

The data arrays used exclusively in CIST for texturing surfaces
consist of the six files listed in Table 2. File 1 identifies the tex-
ture tile used for a given surface. File 2 lists several surface param-
eters needed to calculate the textured shade value within TILCIG. Files
3 through 6 are generated off-line with LODATA .

Table 2. Texture Tile Data Array Files

File 1: Ti le number by surface number L
File 2: Surface normal , surface x—axis ,

surface y—axis , surface first
vertex , surface norma l dot first
vertex

File 3: Dimension of the finest LOD tile
by tile number

File 4: Texture tile data pointer by t i le
number

File 5: Texture tile units by tile number

File 6: Texture tile data array with LODs

- 
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The data in Files 3 through 5 are indexed by texture tile number ,
which is contained in File 1 for each surface. Currently, 1 = trees and
2 = grass. Presently, there is space in these arrays to reference 500
possibl e surfaces with the two tiles . The number of surfaces or tiles
permissible can easily be changed by increasing the array dimensions.

File 3 contains the texture tile array for the finest LOU. For
trees and grass , the array is 128 elements along each side. File 4
contains the index value that points to the beginning of each separate
texture tile array at the lower LODs. These other arrays are contained
in the last file. A single texture tile with a finest LOD of 128 and
coarser LODs of 64 , 32, 16, 8, 4, 2, and 1 contains 21 ,845 array elements .
With this texture tile data array stored on disc , the disc size is the
only limitation to expanding texture tile techniques further.

File 5 contains the actual size of each texture tile in meters.
This is used to scale the texture tiles to correspond with the scene
units . The tile is 150 meters for trees and 15 meters for grass.

The Texturing Algorithm

The texturing version of the main scene-developing program is named
CIGT. Several modifications were incorporated into the program CIG to
impl ement the texturi ng algorithm . Program TONET sets a flag within the
data base that allows a branch point to separate textured surfaces from
the main path in program CIGT . The main path determines the visible sur-
face for each display pixel. If the surface is textured , the texturing
subroutine TILCIG is called . (Refer to Figure 9.)

TILCIG returns a surface shade at the point where the pixel line of
sight intersects the scene . To calculate this shade value , T ILCIG must
have the average surface shade , the tile average shade value , the texture
tile mapped onto the surface, the proper tile LOD due to the object’s
distance from the observer, and the tile array element of the po i nt of
intersection. The ratio of the average surface shade to the average
tile shade is used to bias the tile array element value so that it re-
lates to the simulated lighting conditions. A surface shaded to simu-
late curvature can also be textured without losing the curvature aspect.
Each pixel value is similarly calculated to create a display of the scene.
The mapping of the tile, the tile LOU , and the point of intersection are
~described next.

Program Initialization --The program CIGT reads in Files 3 through 6
that were devel oped by LODATA in the initialization process. These files
contain the LOD arrays along with their dimensions , scal es , and starting
addresses. The data bases are also read in at this time , and the surfaces
are sorted and translated into the observer coord inate system. The in-
formation needed in TILCIG is cataloged in Files 1 and 2 by an assigned
surface number. The flat set by TONET on the surface shade indicates a
teXtured surface. The tile number is now extracted from the word con-
ta~ning the surface shade value and placed in File 1 , indexed by surface

21
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number. File 2 is filled wi th the following information : surface
normal , x-axis , y-axis , first vertex , and the inner product of the
surface normal wi th the first vertex (a calculation that would other-
wise be repeated every time the sample point is calculated --see the
section on the texturing subroutine , below).

The x— axis and y—axis are determined so as to fix art invariant
coordinate system to every textured surface. A unit vector from the
surface first vertex to the second vertex is defined to be the surface
x-axis. The cross-product of this x-ax is wi th the surface normal de-
fines the y—axis. With this fixed coord i nate system, the texture tiles
can be mapped onto the surface. Since the first and second vertex
points are fixed within the data base , the texture tile is fixed to
each surface in a consistent manner that is not dependent on observer
position .

-I H
The Footprint Equation--The proper LOU tile array is indexed as a

function of the size of the footprint on the scene; i.e., the size of
the pixel as mapped into the scene. The footprint equation is derived
below . Figure 11 shows the observer-disol av-scene geometry ; the quan-
tities shown are defined as follows :

Pixel size
d Distance to disp lay

~a/d DELTA
Sampling angular increment

ZN Surface normal t .
Fl Minimum footprint diameter
F2 Maximum footprint diameter H
I Line of sight to intersection

(XLINE , YLINE , ZLINE) in scene
0 Angle between sample L and ZN

It can be seen from Figure 11 that for small ~0/2 and 0 < 1T/2,

cos 0

since the distance to the scene is large.

Define £. to be a unit vector

L/(L~L)”
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where (L*L?I is the distance to L or L I . For unit vectors 9~ and ZN ,

~~~~~
. (_ ZN)= cos 6

From the above equations :

F2— Fl (1)- 

[L~(L.)½]. _zN)

For smal l values of ~0,

Fl (2)
(L L)’

and C

t~e = b~~= DELTA

Assume that ZITNE is approximately the distance to the sample point ,
i.e. ,

(L.L)½ ZLINE (3)

Then, in conjunction wi th Equation (2),

Fl = ~a/d*(L L)½ DE1TA~ZLINE (4)

Combi ning Equations (1) and (2),

F2 — ~o*(I.L)- 

-L.ZN

Using Equation (3) and ~0 = DELTA ,

F2 ,‘.~ DELTA*ZLI!E2 (5)= -L~ZN C 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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The average of Fl and F2 is the average footprint diameter

F — (Fl + F2)
- 2

Combining Equations (4) and (5),

F — (j~ELTA*ZLINE) - DELTA*ZLINE2/(L.ZN)
2

DELTA*ZLINE ZLINE
= 2 \ L.~N

This is the footprint equation used to index the proper LOD as outlined
in Table 3.

Table 3. LOD Boundaries

Footprint Average Diameter -

~~~~~~~~ Array Dimension

3/4 ~ f 1001 (1)

3/8 s f < 314 1002 (2,2)

3/16 ~ f < 3/8 LOD3 (4,4)

3/32 ~ f < 3/16 1004 (8,8)

3/64 � f < 3/32 LOD5 (16,16)

3/128 ~ I < 3/64 LOD6 (32 ,32)

3/256 ~ f < 3/128 1007 (64,64)

0 ~ I < 3/256 L008 (128,128) H

If the average diameter of the footprint is greater than three-
quarters of the ti le size, then the coarsest 100 is used (i.e., the
average shade). If the average diameter of the footprint is greater
than half of the previous l imit , or three-eighths of a tile , the next
LOD is used; then half of that, and so on until the finest 100 is reached.
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Textur1n~_Subrout ine--TILCIG is called for each pixel. The param-
eters~~~ssed in the CALL statement are the display pixel ang le In the x
and y directions with respect to a line of siqht throug h the center of
the disp lay , as described below. These angles . ALPHA and BETA , are
expressed in terms of tangents. The surface number and surface shade ,
with respect to a light source, are also passed . Within COI4ION , the
sample interval and scene units in meters are stored as constants.

The first calculati on made in TILC IC Is to determine the inter-
section of the sampl e line of sight with the scene. This cal Lt~lationuses the sampling algorithm described next (see Figure 12).

The observer z—axis intersects the display at its center. The x—
axis is defined by a horizontal line through this center point In the
plane of the display , and the y-axis is defined by a vertical line.
Any pixel on the display (a,b) is a point on a l i ne from the observer
through the disp lay at this pixel location to the scene. ALPHA is the
slope of the line in the x ,: plane , and BETA is the slope of the line
in the y,z plane:

ALPHA = a/d

BETA z b/d

The observer position is the ori qin in this coordinate system.
Thus , the respective two-dimensional lines follow the genera l f orm
Y = MX + B and , since the lines pass through the orig in . B • 0.

XLINE = AL PHA*ZL INE (6)

YL INE • BETA*ZLIN [ (7)

At some ZL1~E. the line Intersects a surface within the scene. The
• point of intersection (XLINE , YLINE . ZLINE) and the surface first vertex .

v1(J), define a vector tha t ti es wi thin the plane of the surface:

XVECTR = XLINE — VL(l)

YVECTR YLINE - Vl (~) (8)

ZVECTR ZLINE - V l(3 )  
C

The surface normal vector , ZN , is perpendicular to every vector in
the surface plane , and the inner produc t of perpendicular vectors is
zero. Using this fact the following equations can be set up:
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o = ZN(l )*XvEcTR+zN (2)*yvEcTR÷zr~(3)*zvEcTR

O = ZN(l)*(XLINE_Vl(l))+ZN(2)* (YLIt4E_vl(2))+
ZN(3)* (ZLINE_Vl (3))

0 = ZN(l)* (ALPHA*ZLINE_Vl(l))+ZN (2)*
(BETA*zLINE_vl (2) )+ZN(3)*(ZLINE_vl (3))

o = ZN(l)*ALPHA*ZLJNE_ZN (l)*vl(l)÷
ZN(2)*BETA*ZLINE_ZN(2)*Vl (2)+
ZN(3)*ZLINE_ZN(3)*Vl (3)

1 = ZL INE*(ZN(l) *A LPHA+ZN(2) * BETA+ZN (3)) / C

(ZN( l )*vl (1 )+ZN(2)*vl (2)+ZN(3)*vl (3)) :
ZLINE = (ZN( l) *v l( l )+zN (2 *V l(2)+zN(3)~v 1(3)) /

(ZN(l )*ALPHA+ZN (2 *BETA+ZN (3)) (9)

Equations (6), (7), and (9) are the basis of the sampl ing al gorithm .
The point of intersection in the surface is defined nex t in observer
coordinates.

The next step is to transform this point of intersection into the
surface invariant coordinate system stored in File 2. A vector is de-
rived from the poir t of intersection and the surface first vertex ,
Equation (8). Both are in the observer coordinate system , and the first
vertex establishes an origin at which the x-axis and y-axis stored in
File 2 are fixed. All points on the surface lie wi thin this x ,y plane.
The inner product of this newly derived vector with the x -axis deter-
mines the x-position within this coordinate system . The inner product
of the vector wi th the y— axis similarly de termines the y-position . C

The point of intersection which is in scene units must be scaled
into tile units with the information stored in File 5 (tile units) and
COMMON (scene units in meters). Since one scene unit is one tile unit ,

‘~ this x ,y position may be taken modulo the l ength 0f one tile to l ocate
the proper tile array element. This modulus value from zero up to but
not including one is multiplied by the dimension of the proper LOD array .
To eliminate negative values wi thout creating a mirror effect about
either axis , the value is ANDed with a mask equal to one less than the •
LOD.

The textured shade is recovered from the arrays stored in File 6.
The footprint size as calculated previously is used to index the proper

• LOD array. The shade is multiplied by the ratio of the surface shade 
• 

•

to the average shade o~ the tile to yield the final pixel shade. P
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Image Postprocessing

At this point in the process, the tex tured image is filtered to
reduce aliasing . In fact , filtering was used to generate the LOU
arrays in order to control aliasing . Since the control of aliasing is
important in both conventional and textured CIG , some genera l properties
of filtering as an aliasing control are discussed below , prior to the
particular application of filtering in this program .

Aliasing Control--The predominant CIG use of aliasing control was
in edge smoothing because, wi th constant or smooth shading , this is
the only place in the image where high spatial frequency changes occur.

Two basic approaches to aliasing control were tried . One approach
is to base the shade of a pixel on the area-averaged shade of each sur-
face in a pixel. Both constant and variab le weighting were used with
sampling only within the pixel or partially outside . The pyramid func-
tion with a base of 2 by 2 pixels has been shown by Crow* to effec-
tively control a1iasing . This function is close to the Gaussian impulse
response, which matches both the CR1 and eye impulse responses . rn this
sense it is the optimal response.

The Nyquist sampling criterion is useful because it states that the
max imum spatial frequency that can be represented properly (i.e., with-
out aliasing ) is l/(2t~X) where ~X is the interva l between samples .
Thus , any energy in spatial frequencies above 1/(2\X) is aliased down-
ward to a lower frequency.

• Filtering can also be used to control alias ing . The effect of
filtering the origina l frame by a Gaussian impulse response of unit
area and variance, a’~, equal to (2AX/-~)2 is to weight the spatial fre-
quencies of the original image by a Gaussian function with variance ,

~t2 , equal to [1/(4~X)]2. The point is that when the sample interval is
at the pixel spacing , the n2.(1u point of the Fourier transform ef
the image is at the critical sampling frequency of 1/2 per pixel . For
examp l e , in the l imiting case of white noise (i.e., the infinite high
frequency spectral energy), less than 5 percent of the energy is mis-
represented. Thus , the Gaussian function plays an important role in
al iasing control . Also , since the pyramid function of base 2 by 2 is a
close approximation to the Gaussian function of variance (2~X/it)2, ittoo is important in the control of aliasing .

There are other functions tha t have been convolved wi th an image to
control al ias i ng. The sine function is fundamentall y tied to sampl ing
and spectral analysis , but it produces bell ringing parallel to edges in
any practical application . It also does not match the eye or CR1 im-
pulse responses.

*Crow , F. C., ttThe Ali asing Problem in Computer Generated Shaded
Images ,’ Conr. ACM , Vol. 21 , No. 11 , November 1977.
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This di ~.uss ion of ~i li ~ts~ng ~ontro l ho s focu~tsl ~~n the t i  I tt~U i ug
a continuous image by use of a pyramid or Gaussian impulse response.
It has been shown that the variance can be set so that the bulk of the
weighting falls under the Nyquist critical frequency . In the examp le,
the variance was set so that , in the frequency domain, the critic al
frequency falls at the 2~~~o point . and 95t percent ot the energ y is below
the critical frequency .

The actual amoun t of energy aliased depends on th e imj qe . The pulse
and ramp functions generated by constant and ‘ClTk ~ l t h shading have spin. .-
trum s very heavily weight ed towa rd low frequenci es so tha t very l i t t l e
energy is aliased .

Textured shading has high frequencies that need Contr ol , and the
above theory is general and powerful n. . :i to  supp ly a general solu t ion
to spatial aliasing. A pyramid impulse response can control ~~~~~~~

Creation of the [ Ot’l A, rovs-—The pv? lmid wei ghtin g ~u n~ t i n  W CI S u’~ed 
C

in the creation lot the te\t ure tile arrays. Each tile sampl e in t h e
LOU arrays is a pyramid ~e i~~ted average of the surrou ndinq values of
the basic 256 by 256 tile t h a t  was cre ated from the ori ginal photo-
digitized array . The d ig i t izer i tself  is ,~C area samp ler rather than Ca point swnp ler . In the p , t o-diqi t ation process , a small square
area about each samp le poi nt of the ntn.~o t  ~~~ e is illuminated from bel ow ,
and th e  receiver ~. entered above the unmasked area phLn. up ‘.h t ’ lii h t
intensity that passes ? rIn I:h . The ar e o  t es t  ~.ontr ihution comes lOT

• the Lentr -al points of the unmasked area . Thus , eo~t array element of
the basic textur e tile is the result of a c o n t i n u o u s  w e i g h tin g  (by  t h e
aperture distribution function .~ of the aroo about it.

To increase the quasi-continuous nature of the tex t u re  t i l e  tech.-
ni que , LOU arrays were created . Each texture til e array element is
derived from several of the digiti zed values in th e neioht’orhood of
each array element. The area samples t roll the digitizer are wei gh ted
and suttined by a pyramid function to  arrive at each texture tile array
element t ot - the proper LOU . This result is a pyramid functi on o~ a rea
samples (nearly continuous sampling).

The creati on of t h e  128 by 128 LOU array f r o m  the basic 256 by 256
C F  array is s hown in Figure 13. Rather than ~uct  averaging in a 2 by 2

window in the Nth array to generate a s a p l o in the N_ l)th array , a
4 by 4 window was used with the relat ive pyramid weighting as shown.
Each succeeding LOU array is generated from the basic 256 x ~56 array
by filterin g with a window of It rea- i ng size ( b y  a factor ot 2) with
the corresponding pyramid funct ion weights.

Oversamp1in ~ and Postfiltering--As mentioned previousl y, Crow shows
that a continuous pyramid filter with a base tha t is two pixel s wide is
an effective alias ing control . The ideal condition would be to sample
the textured image continuously and filter the continuous image plane.

-- 
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4 by 4 W ind ow

Ar :ay Valu: at LOU

Sample Weig hts

C 1 :oirc 13. Pyramid weighting filter.

However , a discrete approach is necessary . The approach used is t o  over-
sample the textured image, where each  sample is an area average th rou gh
the quasi-continuous nature of the LOD array , and to form a weighted
average of these sampl es wi th a composite weighting that is a pyramid
function .

The use of a small number of samples (such as 4 by 4 or 5 by 5)
within the pyramid wi ndow still results in an acceptable approximation
to a Gaussian function . The ensemble of samples from the pro per LOU
t i le array are averaged together wi th a pyramid weighting as shown in
Fi gure 14. The figure illustrates that when the tile samples exactly
correspond to the screen samples (i.e., pix el projections) in center

• and extent , a pyramid function is constructed . Note tha t the center of
the pyramid is leveled in the case of an even window size.

The use of a tile LOU introduces noise to the sampling process when
the center of the tile samp le does not exactly coincide with the screen
samp les or when the extent of the tile pyramid does not exactly match
the projected pixel boundary . This noise does not present a difficulty
because it varies as 1/N2, where N is the number of samples formino the
pixel impulse response. Reflecting on this , if the tile sampl es exactly
matched the screen samples , onl y one sample per pixel would he needed .
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Figure 14. Construct Ing an Impulse response.
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Classical statistics show that for N independent samples of any
distribution , the estimate of the mean value is unbiased and has
variance proportional to 1/N’ . In this case , the mismatch between
screen and tile sampl es is independent unless the geometry is spec i-
fied. Since a large number of surface/screen encounter geometries
occur in a gi ven image, the samples are independent. Thus , the vari-
ance of the error between absolute and estimated pixel shades is pro-
portional to 1/N’. Typical cases involve 4 by 4 or 5 by 5 windows with
samples both inside and outside the pixel so tha t N is either 16 or 25.

As explained above , the estimation error depends on the actual tile
used . A tile that varies rapidly from sample to sampl e produces ~ highernoise in the estimation of pixel tone. Noise still varies as 1/N’. but
the noise level starts higher. This case should not happen in practice
because a tile that varies rapidly, sample to sample , is undersa mpled ,
and aliasing has probably occurred in tile construction . Practical tiles
vary slowly from one sampl e to the next, so the mismatch does not produce
much difference between actual and estimated tones. The sample-to-sample
variation of the tree and grass tiles is slow due to the averaging pro-
cess used in creating the original tiles.

The oversampling rate used in this program was 4 to I. That is ,
each quarter-pixel was projected back into the scene, the appropriate
LOD array for the subpixel was chosen via its footprint , and the proper
array element corresponding to the intersection was used as the sub-
pixel shade. These area samples were then averaged in a pyramid filter
wi th a base that was two pixels wide , i.e., a 4 by 4 sample window.
The window for the image filter is shown in Figure 15. The filter is
identical to the pyramid filter used to construct the first LOD tile
array (Figure 13).

1-
~~ ~~~~ 

-I . •~~ •

L_  ~ L_  • Subpixe l value

x Pixel value

Sample We i ghts

• bigure 1.5 . Image filter.
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The aliasing associated w i t n imag ing closel y spaced line pairs can
be used to show the effect ot the pyramid posttilter as ~row has done.
Line pairs exhibit mo i re patter!”~ which take on the appea ranc e of
ripp les on a pond , as shown in Figure 16. The 16-point pyra id f~l ter,
with a base tha t is two pixels wide, el iminates most of the aliasing ,
as shown in Figure 17. The pyramid filter as implemented for th is
experimen t does have a discrete ‘ - t e r  ‘ point samples , and the para l-
1e1 line problem cannot be com pletely el iminated i n  all cases . To
reduce this high frequency altasin g , it is necessary to either increase
the number of samples or ni~e the sample points area samples , as has
been done in the texture tile LOU arrays . .

,-

As stated earlier in this discuss ion of aliasin g contro l , the tech- -~nique used to contro l alias ing in conventional etextured images is the
area o.e -o; e method. The shade value of the pixel is determined by th e
avera~t ot the shades of the in d ividual surfaces within the pixel
weighted according to their area ’ . For textured shading , the technique
is to base the p ixel shade on the p yr am id weighted average of the in—
dividual samples of the appropriate LOD tile array.

The question then arises as to C, V t a t  composite technique should be
used for the bounda ry prob1em~ i.e., where a pixel projection cont ains
both textured and untextured c u r t  aces. Since this question was not
addressed in depth by this study , ~he approach taken was to let the
textured shading techn i que app l y for composite surfaces . Thus , a pixel
containing both textured and untextured surfaces was oversampled . taking
the samples of textured surfaces ~- - o the area-averaged element of the
appropriate LOU array, and using point samples as the samples of un-
textured surfaces. This method has the effect of el iminating some ot
the detail from untextured surfaces when they appear within a pixel tha t
also has textured surfaces. This effect- is evident in the next section ,
which presents imagery for different utilizations of the textured imagery . C

Th is effect o postf iltering is due to the particular suboptimal imple-
mentation for shading the textured-untextured surface boundary rather
than a l imitation of the postfilteninq technique i tself . The boundary
effect can be eliminated by using a different bourdary shading technique .
Note , however , that the boundary between surfaces of different textu res
is adequately handled , as will be discussed in the nex t section .
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TEXTURE SCENES

dverview of the Data Base

The construction ~ t the data base as wel l as the various data base
entities was described earlier in the section tha t treated the scene
data base. The method of generating textured scenes was discussed in
the section on software structure and algoritliiis. This section is
concerned wi th the utilization of the textured data base. The term
utilization is meant to denote the general process of extract ing in-
formation from the data base. This process is also characterized by
the distinction of data and information , A sing le picture may be viewed
as a sing le but complex data entity . However , given a sequence of these
data entities , one can derive information tha t is based on the dif-
ferences between pictures. It is a so possib le tha t if the differences
are too great, no information can t~ inferred. Therefore , the most
meaningful pictures to take are th se in which a single parameter (e.g.,
fiel d of view or position) is varied . In short, the process is really
a sensitivity analysis, i.e., how various entities change as a function
of a single parameter. To this end , coherent sequences of pictures are
generated in order to extract information, Therefore , this section
focuses on four sequences~

• Approach to landing
• Divebomb at 45°
• Terrain avoidance
• Special views

Figure 18 depicts the viewpoints of these sequences. Figure 19 ,
whi ch is a photograph depicting the equivalent data base scene , gives
the spatial relationships between the various objects of the data base. 

C

Approach to Landing Sequence

The purpose of the landing sequence is clearly to provide motion and - ,
distance cues for a pilot at various positions during a straight-in ap-

f proach , In addition , the manner in which the scene changes and the
~~ reason for these changes are inferred from this sequence of pictures .

The approach-to-landing sequence is shown in Figures 20 through 24.

Only the fi rst of the textured pictures (Figure 21) in the landing
sequence has any wooded texture . This textured area occurs in the fore-
ground of the picture that is most distan t from the touchdown zone. Be-

- cause of the postfiltering that occurs after the textured frame has been
- -  

generated , there is a general blurring or defocusing of the image. This
can be seen by alternately scrutini :inq the textured and untextured
versions. For exampl e, the horizontal taxiways to the left side of the
runway are in the same pixel s as the grass texture , and disappear in the
textured rendition .
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As objects become closer to the viewing position , two phenomena are
noticed : multiple LOD representations for the cultural objects within
the scene and the texture tile LOD arrays. The data structure used to
depict an object is a function of distance. There are two different
data structures or LOD representations for each building in the TSC sys-

C tern. This can readily be seen by examining the runway markings of theC five photographs i n Figures 20 throu gh 24. The runwa y mar ki ngs are no t
discern ble in Figures 20 and 21 , whereas they are clearly visible in
Figures 22 , 23, and 24. This difference resul ts because two different

- 
• data structures are being used to represent the runway. The effects of

postfi I terlng can be seen by noticing how all the vertical bars are
di ffused wi th one another except for the two sets of three vertical

— markers in Figure 24.

Additionally, there i s LOU in tex ture . As prev ious ly mentioned ,
there are eight LODs for a texture tile. This phenomenon Is manifested
as a textured surface comes closer. At far range, the tex tured sur face
is a uniformly shaded surface; at closer ranges, more of the detailed
texture becomes apparent. For surfaces textured wi th grass, the tex ture
patterns are readily perceived within viewing distances of 50 feet.

45° Divebomb

The next photographs (Figures 25 through 28) depict a divebomb
sequence at a 45° angle (the distance to the point of view differs by
a factor of 2 between successive photographs). The corner of the building
appearing in the photographs is the point of impact. By scrutinizing
Figure 25, the perlodicity of the texture tiles can be discerned ; however ,
the boundaries between adjacent texture tiles are not discernible.

It is easy to compare the correspond ing trees in the two images shown
in Figures 25 and 26. Since relative linear dimensions in the two images

- - differ by a fac tor of 2 , their spatial frequencies also differ by a fac-
tor of 2. Figure 25 therefore appears to have sharper contrast than Fig-
ure 26. This Is , of course , a result of higher spatial frequencies.
Conversely, Figure 26 appears to be defocused when compared to Figure 25.
This pattern of increasing defocusing is even more apparent when Figure
27 is compared to Figure 26. Finally, in Figur e 28, a checkerboard effect
Is noticed . This effect results from a single entry of the texture tile
array mapping into multiple pixels; thus, the constant intensity for con-
tiguous groups of pixels. The use of only a single texture tile over
large variations in range is a limitation on the texture tile technique ,
since the scene resolution requirements exceed the resolution available

- I In the highest LOU. By adding more texture tile representations suitable
for di fferen t range Incr ements , the range of resolu tions for depic ting
various textured material can be easily extended.

Another example of this range of resolution is provided by examining
the textured grass surrounding the building. The textured surface

-i 
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becomes un iform at far range (a di stance of somewhere between 500 and
1000 feet). The other end of the range is determined by the appearance
of the checkerboard effect. However, referring back to the section on
tex ture t i les for grass , the highest LOD was digiti zed at a resolution
of 14 inches , which greatly exceeds the size of a blade of grass.

Terra in Avo idance
The purpose of the two terrain avoidance sequences was to simulate

the view of a sensor in a low-altitude flight that maintained a 200-foot 
. 

C

al titude above the terrain. Two fields of view were selected for the
photographs: 600 by 45° (Figure 29 through 34), and 22° by 15° (Figures
35 through 40). Therefore, both textured and untex tured photogra phs as
wel l as the photographs for the two different fields of view will be
discusse d . -

•

Several general statements can be made before examining the pertinen t
photographs. A photograph taken from one position will be different from
a photograph taken from that position wi th a different field of view.
This difference is due to the fact that even though the number of pixel s
is the same in both photographs , the photograph with the narrower field

-o f view will , in effect, have magnified renditions of common areas. This
will cause the spatial frequencies to decrease. Additionally , the post-
filtering process will have more effect on the unmagnified wide field of C;
view (WFOV) image that has higher spatial frequencies than on the magni-
fied narrow field of view (NFOV) image with its l ower spatial frequency
content. This occurs -in the perceived defocusing of the photograph. -

The next paragraph will examine the textured and untextured rendi-
tions shown in Figures 29 and 35. Magnification can easily be detected
between the 22° and 60~ fields of view by noticing how much the distanthill covers -In the photographs. The fine detail in Figure 35 above the
second body of water is removed in Figure 29. The fine detail is magni-
fied over several p ixel s i n the NFOV image , but -is merged into fewer
pixel s in the WF OV image. Even though the hill is textured wi th trees,
its component planes appear uniformly shaded . This effect results be-
cause the lowest LOD is utilized in tiling the surfaces , and at the
distant ranges the intensity is essentially constant .

The effect that the field of view has on the textured image can beseen by examining the textured area around the triangular point of the
forest below the main body of water in the center of Figures 29 and 35.In the WFOV image, a texture d pixel has a lar ge foo tpr int when map ped
Into the scene. The LCD texture array used to shade this pixel has low
resolution . Conversely, the sam e pixel has a sma l ler foo tpr i nt in the
NFOV image, and i s con se quen tly re presen ted throug h a higher resolu tionLOD array.

— This paragraph is concerned with the textured photographs shown in
Figures 30 and 36. Both photographs are from the same viewpoint and
have the same aim point. However , the fiel ds of view are 600 by 450 and

50
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22° by 150, respectively. Because each photograph has the same numberof pixel s , Figure 36 is a magnified subpicture of Figure 30. There-
fore, Figure 30 contains elements (e.g., the forest area in the fore-
ground) that are out of the field of view of Figure 36. The small
peninsular indentation in the center of Figure 36 Is essentially re-
moved as a noticeable feature in Figure 30. Also , there Is a similar
difference In the thin whitish line (just above the small lake) that
represents the airport runway. The common textured area of these photo-
graphs is of grass at far range, and It appears at the lowest LOD forboth fields of view. Thus, these two photographs cannot be used to 

Ccompare the field-of-view effects on texture.

This paragraph is concerned with the photographs shown in Fi gures
31 and 37. Notice the thin horizontal line of the ground plane at the
base of the hill in Figure 37. This line is almost unrecognizable in
FIgure 31, wh ich maps the th in l ine into fewer pixels. Al so , notice in
Figure 37 the residual effects of aliasing exhibited by the runway Cstr ips. In contrast, the postfil tering (actually an averaging tech-
nique) used In Figure 31 causes the runway to appear whitish because
it distributes the higher intensities over a larger number of pixels.

The different planes that compose the hill in Figure 37 are at
different distances from the viewpoint. These distances are just right
so that the closest plane is textured with a more refined LOD than are
the farther planes . While the hill Is entirely within the lowest LOU
footprint in Figure 31 , other fiel d-of -view effects are evident there.Due to the wider field of v iew , close-in grass at the lower depression
angles is visible In the foreground, and is represen ted by a higher
resolution LOU array than in the foreground grass of Figure 37, wh ich-Is at a farther range.

One interesting thing to note in Figures 32 and 38 is that only
the 22° field-of-view photograph yields a textured hilltop. Also , the
WFOV permits the forested area in the foreground to be represented with
a higher resolution tile array than does the NFOV . Again , this is due 

Cto the fact that the foreground of the NFOV image is at a higher depres—ston ang le and hence a successively longer range.

That the textured Images contain additional information that can
be used to supply motion and distance cues is easily inferred by corn-

- paring the textured Images of Figures 32a and 38a with the compara-
tively bland , untextured images of Figures 32b and 38b. This dlf-
ference -Is the most graphic effect of this series of photographs. C

In Figures 33 and 39, the hill is very close and the altitude of the
sensor will have to change In order to reflect the 200-foot terrain--

- 
- following constraint. In the 60° field-of-vIew photograph, the skyl ine

of the hill and the boundary of the hill and the grassy plain help to
establish an orientation. On the other hand , In the 22° fIeld-of-view
photograph, there are no references to establish the orientation . The
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part of the hill closest to the viewpoint commences to exhibit the chec ker-
boa rd effect , giving s ome Indication as to the rel ative distance.

In FIgures 34 and 40, the pitch-up maneuver has occurred and the sky
now becomes a major portion of both photographs. In the 600 fie ld of view ,
the boundary between two hillside planes can be distinctly discerned.

Special Views

This section is conce rned with the problem of surface bo undar i es . A 
C

vertical shot of a textured and untextured hilltop Is used to demonstrate
the problem’ s solution.

The intent of Figures 41a and 41b is to demonstrate the texturin g
algorithm with respect to the Interface between plane surfaces. Note that
the Inte r face problem between adjacent tex ture tiles was ove rco me by post -
filtering. In the untextured photograph~ only two planes are readily
distinguishable. The Important point here Is that the textu re ti les have
been matched over the boundary , and the visible boundary Is due to the
relative sun shading which Is used to adjust the shade of the tile.
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CONCLUSIONS AND RECO*IENDATIONS FOR
FURTHER RESEARCH

The most Important result of this program is that texture tiles have
proved to be a viable means for generating textured sci~nes. The first
step taken to add texture to a scene was to construct and process the
tile Itself. With the use of the primitive tile in a scene, the repetitive
nature of the tile concept was readily apparent. First, because the ti le
was not matched across the boundary, the repli cation of the discontinuity
Of the tile perimeter stood out. Secondly, the macrostructure or non-
homogeneity of the tile was also repeated. During this program, techniques
were developed to preprocess a tile in such a way that an entire plane can
be textured in perspective wi th only a subtle indication of repetition.

The al iasing problem associated wi th the high frequency nature of the -
‘-

texture tile was controlled via two methods. First, quasi-continuous LOD
tile arrays were created to generate the correct tonal value. Secondly,

— the entire textured image was fil tered. Both techniques reduced the
al iasing evident in the unprocessed textured imagery.

Finally, the texture tiles were added to a complex scene of cultural
L content, and the combined scene was evaluated under different applications.p All scenes showed the viability of the texture concept.

A number of problems were revealed during this program. The first
— was the difficulty (in fact, the shortcoming) of portraying a given texture

with a single representation at the mul tipl e observer-scene ranges of
interest. For example, the tree tile used in this program was suitable at
mid-range, and the range transitions within this region were adequately
handled by the LOD arrays. However, even though LODs were used, they we re
obtained from the same basic tile and could not be used at far or near— range. At far range the lowest LOD array was used, but this is a sing le
val ue and results in constant shading. Conversely, at near range the

-
- highest LOD array was used, but the resolution is still insufficient once

the pixel size within the scene approaches that of an array element. The
present tile represents a “stand of trees” at high aspect; it must be
augmented wi th one tile that conveys the concept of a “fores t” at long
range , and another tile that portrays individual trees at close range.
Note that the tile used at close range should have the added quality
necessary to perceive three dimensions . With the use of three basic
tiles and their LOD renditions , the transition of texture will be continu-
ous so that the view is transferred from the forest to a stand of trees
wi thin it, and then gradually drawn to the individual trees within the
grouping. The quasi-continuous representations of texture need further
development.

Another topic for further study Is the importance of realism. Al-
though the original tiles were realistic and looked like trees and grass,
the realism was lost In the process of creating a continuous tile bound-
ary and eliminating macropatterns within the tile. However, a defi n ite
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texture pattern remained, and this pattern was sufficient to develop the
texture tile concept and show the viability of this technique in creating
textured scenes. A tradeoff study is needed to examine the use of a
realistic type of texture versus a generic type of texture, i n terms of
training effectiveness, creation, and implementation .

The texture used in this report was derived from real imagery. How-
eve r , the subsequent processing showed the benefits of creating and usi ng
synthetic texture. In fact, synthetically deri ved texture can be used to
support the two previously suggested developments in addition to being
useful in itself. For example , while a homogeneous microstructure is
desirable wi thin a tile (to avoid the pattern effect), macropatterns over
a large number of tiles can be used to enhance the quality of an image.
The ground plane was completely textured with a grass tile of uniform
appearance , with subsequent invisible boundaries. However, homogeneity
over so large an area results In a bland appearance. This problem could
be el iminated and the overall image improved by 1) superimposing a differ-
en t macro pattern ove r lar ge areas , or 2) shading to simulate either the
effect of different growing rates, grass colors , etc., or the na tural
rol l ing terra in.

-

- A prime method of creating synthetic texture tiles is the functional
or statistical approach . When the tree and grass tiles were developed In
this program, their statistics were matched across the boundary. The
statistical approach can be enlarged to develop a generating function of
texture with varying spatial and tempora l properties.

As an additional task of the texture study program, a dynamic sequence
of the di vebomb was created that adequately demonstrated the viability of
the texture tile approach for generating textured scenes. However, a
problem arose in that the texture evidenced scinti llation In the dynamic
sequence. This problem should be resolved in another study that would
identi fy the mechani sm of the temporal aliasing, find a solution for it,
and investigate whether temporal aliasing exists in other forms for the

- - texture tile approach and/or other texturing concepts.
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